PHYSICAL REVIEW APPLIED 11, 011004 (2019)

Engineered Diffraction Gratings for Acoustic Cloaking
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We show that engineered diffraction gratings can considerably simplify the design of acoustic ground
cloaking devices. Acoustic reflecting gratings are designed in such a way that all the incident energy is
channeled toward the diffracted mode traveling in the direction opposite the direction of the incident field
(retroreflection effect), and this effect is used to cloak an object placed over an acoustically rigid surface.
Axisymmetric gratings consisting of rigid surfaces with just one groove per unit cell are used to design
thin acoustic carpet cloaks. Finally, full-wave numerical simulations are performed and a conical carpet
cloak is experimentally tested, showing an excellent scattering-cancellation effect.
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Acoustic cloaking [1] is one of the most-challenging
problems related to classical wave control. It is directly
related to the original idea of electromagnetic cloaking
[2], and a huge amount of research has been devoted to
theoretically and experimentally solving this problem, the
requirement of single parameters being one of the major
milestones to achieve the realization of these devices. The
so-called carpet cloak [3], or ground cloak, is a special
type of cloaking shell that makes objects positioned on
a flat mirror invisible, with the remarkable property of
not requiring extreme materials’ parameters for its real-
ization. Acoustic carpet cloaks with finite anisotropy and
homogeneous materials’ parameters can be designed in the
framework of acoustic metamaterials. For instance, per-
forated plastic plates [4,5] and steel-air composites [6]
have been proposed to numerically and experimentally
study two-dimensional and three-dimensional (3D) carpet
cloaks for air-borne acoustic wave propagation. In under-
water acoustics, layered mercury inclusions [7] or brass
plates [8] were considered to theoretically design carpet
cloaks, which have recently been experimentally demon-
strated by design of a steel-stripe-composited pyramid [9].
Finally, carpet cloaks have also been explored for other
types of mechanical waves, such as water [10] or elastic
[11] waves. However, the size of the carpet-cloak shell
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compared with that of the cloaked region is still large,
which limits the potential applications of these devices.

With the advent of metasurfaces [12—14], which are arti-
ficially structured thin surfaces capable of modulating the
reflected wavefronts, a new type of carpet cloak was envis-
aged. Thin carpet cloaks based on Helmholtz resonators
[15—17], membranes [18,19], and spiral cavities [20] were
designed in this framework. However, the main constraint
of these structures is that metasurfaces are complex peri-
odically structured surfaces in which the complexity of the
unit cell strongly hinders their effectivity, since only very
small cloaks with a small number of periods are feasible
from the practical point of view. Additionally, the need for
a large number of resonators forces the devices to work at
very low frequencies and dissipation is a major drawback
in their functionality.

In this work an engineered grating [21-23] is applied
to the simplified design of acoustic carpet cloaks, and
it is shown that these can be built with gratings having
only one cavity per unit cell, which is much simpler than
the approaches based on metasurfaces, which require a
large number of resonators per unit cell. Experiments are
performed to illustrate the functionality of these devices,
showing that this simplified approach may open new lines
in the design of more-advanced devices for the control of
acoustic and other waves.

Figure 1 shows a schematic representation of the idea
developed in this work. The upper panel shows a diffrac-
tion grating operating at a wavelength such that, for a
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specific incident angle 6y, we have only two reflected
modes: the fundamental one is specularly reflected and has
amplitude By; and the » = —1 mode, which has ampli-
tude B_1, is “retroreflected” [22,24]. This condition can be
achieved according to the diffraction condition

. . 2nm
sinf, = sinfy £ —, (N
ka

where k is the wavenumber of the incident plane wave and
a is the lattice constant of the grating. The angle 6, is the
angle of the diffracted wave. For a propagating wave we
require that | sin8,| < 1, which for a given k happens only
for a finite number of modes (n = Np). The grating shown
in Fig. 1 is designed in a way that only the n =0, —1
modes are propagative, with the additional condition that

sin#, = — sin fy, which defines the operating ka value as
ka=——. @)
sin 6,

The grating consists of periodically drilled cavities of
length Ly and width dy in an acoustically rigid surface.
It can be shown that with only one cavity per unit cell it
is possible to engineer the grating in such a way that the
amplitude of the specular reflection By = 0; therefore, all
the reflected energy goes to the diffracted mode n = —1
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FIG. 1. The structure considered in this work. An acoustic grat-
ing (upper panel) is designed in such a way that only the n = —1
mode is excited, the specularly reflected mode being canceled. If
we give this grating a conical shape (lower panel), we can use it
as a carpet cloak.

and the grating acts as a perfect retroreflector. The equation
that has to be satisfied for the design of such a grating was
shown in Ref. [22] to be

d k ka+2 d
cotkLy = —> Z = sinc? (M) 3)
a0 || 2a

where k = k(cos 0px + sin6yz) is the incident wavenum-
ber and g, = /k* — |k + 27 n/ax|?.

We can now give the shape of the grating illustrated in
the lower panel in Fig. 1, which is a conical surface whose
angle is identical to satisfy the retroreflection condition,
so that any wave arriving from the top with a wavevector
parallel to the axis of the cone will be retroreflected in the
vertical direction, canceling the scattering toward the x-y
plane. Consequently, it cloaks the conical object, since the
scattering direction will be the same as it would be if the
conical object were not there.

Figure 2 shows the length of the groove L relative to the
operating wavelength A that we need to satisfy the retrore-
flection condition as a function of the angle of incidence
6y. The minimum incident angle that allows this condition
to be satisfied is given when the n = 1 mode begins to be
propagative, which corresponds to sinfy = 1/3, or 6y ~
20°. Results are shown for different groove widths dy, and
the dotted yellow line corresponds to dy/A = 0.3, which is
the thickness we use in our work. It is clear that the trends
of the length Ly are very similar and the variations are quite
smooth, which is interesting from the experimental point
of view as well, since it shows that deviations due to fabri-
cation errors will not affect excessively the retroreflection
effect.

Figure 3 shows full-wave simulations performed with
COMSOL MULTIPHYSICS of different cloaks designed with
this approach, assuming an axisymmetric geometry. A
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FIG. 2. Required cavity length L, as a function of the angle
of incidence to cancel the specular reflection of the grating for
different values of the cavity width d.
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FIG. 3. Different carpet cloaks based on an engineered diffrac-
tion grating. The left plots show the scattering due to the flat
object and the right plots show the scattering from the same sur-
face with a drilled grating. We can see perfect performance of the
cloak for a single-angle grating (top panel), a three-angle grating
(middle panel), and a multiangle grating (bottom panel).

plane wave parallel to the vertical axis (the z axis) arrives
from the top of the figure and is scattered by the objects
placed over an acoustically rigid base. The top panel shows
the same conical structure discussed before, with the coni-
cal surface making an angle 6y = 7 /4 with the vertical axis
and the propagation direction of the incident field. The left
plot shows the scattering of this object with a rigid surface
and the right plot shows the cloak effect due to the efficient
grating design. Clearly the scattering toward the horizon-
tal direction, which corresponds to the specular reflection,
has been completely canceled, and only the retroreflection
is observed, with an obvious cloaking effect. The middle
panel shows that the grating does not need to be uniform to
perform the cloaking effect properly, and in this case there
are three different angles of the surface that correspond
to three different angles of incidence (6y = 7 /4,7/6, and
1 /3); therefore, each surface will have a different length L,
of the grooves. As before, the scattering due to the flat sur-
face (left plot) is completely canceled by the grating (right
plot). Finally, the bottom panel shows a nearly curved sur-
face in which each angle contains a unit cell, so each of
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FIG. 4. The experimental setup (upper panel) and pictures
of the samples and the chamber (lower panel). 3D, three-
dimensional.

these surfaces has a different groove length. The retrore-
flection effect is clear here as well, as can be seen due to the
cancellation of the scattering by the cloak. It is interesting
that, although the design is based on diffraction gratings,
which are periodically structured surfaces, the effect still
remains even when we use only one unit cell, where we
change locally not only the angle of the surface but also
the period of the cell, which illustrates the possibilities of
this approach to cloak both large-area surfaces and small
local defects.

Although these cloaking devices are designed for nor-
mal incidence and for a specific frequency, small devia-
tions from both the angle of incidence and the operating
frequency will cause only small deviations from the perfect
operation. This is because the dependence of the amplitude
of the specular reflection around its cancellation condition
as a function of both the incident angle and the frequency
is smooth, as can be seen in Ref. [22], so deviation from
the “perfect” operation will also be smooth.

The cloaking effect is tested experimentally by means of
the first example in Fig. 3. We fabricate samples by use 3D-
printing technology, via laser-sintering stereolithography
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FIG. 5. Experimental measurements of the real part of the
acoustic field in region A (left) and region B (right) shown in
Fig. 4. We can see how a plane wave is excited and measured
without an object (top panel). This wave is scattered when we
place the flat conical surface shown in Fig. 4 (middle panel),
and when the conical surface is structured by the grating, the
scattered field almost disappears (bottom panel).

and with photosensitive resin, where the manufacturing
precision is 0.1 mm. The thickness of the sample is 8.6
mm, including the hard boundary. The ratio between the
thickness and the wavelength (the frequency is 17 kHz
in the experiment) is about 0.426. The wave-field map-
ping measurements are performed in a man-made anechoic
room (0.5 x 0.5 x 1 m®) with absorbing wedges (thickness
5 cm) installed on the walls. A continuous sound wave
with a center frequency of 17 and 6.4-kHz span is emitted
from a 2-in. loudspeaker located on the top of the ane-
choic room. A 0.125-in. Briiel & Kjar microphone (model
2670) is connected to a three-dimensional moving stage
to record the pressure fields. The measured signal from
the microphone and the source signal are connected to the
Briiel & Kjer LAN-XI data-acquisition hardware (model
3160-A-042) to obtain the amplitude and phase of the map-
ping pressure fields. To reveal the invisibility effect of the
acoustic cloak, we measure two rectangular regions (A and
B, as shown in Fig. 4) on the top and on the right of sam-
ples, respectively. The measured regions (6 x 6 cm?) are
meshed into 900 squares with a spacing of 2 mm.

Figure 5 shows the experimentally measured wave
forms for scanning region A (left) and scanning region
B (right). When there is no sample in the chamber (top
panel), a nearly plane wave propagates in free space.
Once we place the uncloaked object (middle panel), this
free field is strongly scattered, and a clear interference
pattern can be seen, especially in region B. When the
uncloaked object is replaced by the cloak, we see how the
free field is nearly recovered (bottom panel), canceling the
scattered field toward the undesired direction. The simplic-
ity of this device in comparison with other devices with
similar functionalities is remarkable, which allows us to
build a relatively large sample with strong scattering cross
section, as can be seen from both the simulations and the
experimental measurements shown in Figs. 3 and 5.

In summary, we demonstrate that engineered diffraction
gratings can be used to efficiently design carpet cloaks,
with the remarkable property of being simpler structures
than those presented so far in the literature. It is shown
that the grating properties remains even when the geom-
etry of the grating is modified, for example, giving it a
conical shape or changing locally the period of the grating,
which allows us to design three-dimensional axisymmetric
cloaks with different shapes. The conical cloak is exper-
imentally tested and excellent functionality is observed.
The results obtained in this work can be easily exported
not only to other mechanical waves but also in the electro-
magnetic domain, where cloaks and similar devices based
on complex metasurfaces are currently being investigated.
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